With the development of electric vehicles and More-Electric/All-Electric aircraft, high reliability is required in motor servo systems. The redundancy technique is one of the most effective methods to improve the reliability of motor servo systems. In this paper, the structure of dual-redundancy permanent magnet synchronous motor (DRPMSM) with weak thermal coupling and no electromagnetic coupling is analyzed and the mathematical model of this motor is established. However, there is little research on how to suppress the torque ripple caused by short-circuited coils in the DRPMSM. The main contribution of this paper is to present the advantages of DRPMSM and to find a way to suppress the torque ripple caused by the short circuit fault in DRPMSM. In order to improve operation quality and enhance the reliability of DRPMSM after a short circuit occurs, the torque ripple caused by the coils inter-turn short circuit fault in DRPMSM is analyzed in detail. Then, a control method for suppressing the electromagnetic torque ripple of a short-circuited coil is proposed for the first time by using an improved adaptive proportional resonant (PR) controller and a proportional integral (PI) controller in parallel. PR control is a method of controlling alternating components without steady-state error, and it can be used to suppress torque ripple. DRPMSM adopts speed and current double closed-loop control strategies. An improved adaptive PR controller and a PI controller are employed in parallel for the speed loop, while traditional PI control is adopted in current loop. From the simulation and experimental results, the torque ripple is reduced from 45.4 to 5.6% when the torque ripple suppression strategy proposed in this paper is adopted, in the case that the speed is 600 r/min. The torque ripple suppression strategy based on the PR controller can quickly and effectively suppress the torque ripple caused by the short-circuited coils, which makes the motor speed more stable.
Introduction
Environmental pollution and energy shortages have become more and more serious problems. In many places, electrical power has successfully replaced the traditional energy sources. The motor, as an important device which transfers the electrical energy into the mechanical energy, is widely employed in many fields such as aerospace, electric vehicles and military applications. Specifically, permanent magnet motors, which can achieve high torque and power density, will replace other traditional motors. The permanent magnet synchronous motor (PMSM) has a lot of advantages such as high power density, high operation efficiency, simple structure and simple control, and it has been This paper analyzes the inter-turn short circuit fault of the DRPMSM with weak thermal coupling and no electromagnetic coupling. The novelties of the DRPMSM with weak thermal coupling and no electromagnetic coupling include two aspects. The first aspect is that the DRPMSM adopts 12 slots, and 10 poles, which can eliminate the electromagnetic coupling between phases. In other words, the mutual inductance of each phase is almost zero. The second aspect involves placing the small teeth at the center of the slot, in which the coils on two sides of the small teeth are in different phases. The insulating plates are placed on two sides of the small teeth so that the phases have weak thermal coupling. The inter-turn short circuit fault of the DRPMSM may cause the output torque of the motor to fluctuate. The torque pulsation of the DRPMSM can generate abnormal vibration and unwanted speed fluctuation. Therefore, reducing the torque pulsation is essential to improve the torque performance of the DRPMSM drive system in single-redundancy operation mode. In order to overcome the torque ripple caused by the current of short-circuited coils and improve the performance of the single-redundancy operation of the DRPMSM, this paper firstly proposes an electromagnetic torque ripple suppression strategy for the DRPMSM, based on the proportional resonant (PR) controller [28, 29] . When a coils short circuit fault occurs and the DRPMSM shifts into single-redundancy operation mode, the PR controller is paralleled with the proportional integral (PI) controller in the speed loop to suppress the electromagnetic torque ripple output. As an inter-turn short circuit fault of the DRPMSM may occur at various speeds, a frequency adaptive PR controller is adopted in this paper. The simulation and experimental results show that the ripple of the motor output electromagnetic torque caused by short-circuited coils is effectively suppressed, and the motor speed becomes more stable.
The Structure of the Novel DRPMSM
The cross-section of the DRPMSM with weak thermal coupling and no electromagnetic coupling and its stator windings outspread are shown in Figures 1 and 2 respectively. The DRPMSM with weak thermal coupling and no electromagnetic coupling is evolved from the traditional 12 slot, 10 pole permanent magnet synchronous motor with fractional slot concentrated winding [30] . The small teeth are placed at the center of the slot, in which the coils on This paper analyzes the inter-turn short circuit fault of the DRPMSM with weak thermal coupling and no electromagnetic coupling. The novelties of the DRPMSM with weak thermal coupling and no electromagnetic coupling include two aspects. The first aspect is that the DRPMSM adopts 12 slots, and 10 poles, which can eliminate the electromagnetic coupling between phases. In other words, the mutual inductance of each phase is almost zero. The second aspect involves placing the small teeth at the center of the slot, in which the coils on two sides of the small teeth are in different phases. The insulating plates are placed on two sides of the small teeth so that the phases have weak thermal coupling. The inter-turn short circuit fault of the DRPMSM may cause the output torque of the motor to fluctuate. The torque pulsation of the DRPMSM can generate abnormal vibration and unwanted speed fluctuation. Therefore, reducing the torque pulsation is essential to improve the torque performance of the DRPMSM drive system in single-redundancy operation mode. In order to overcome the torque ripple caused by the current of short-circuited coils and improve the performance of the single-redundancy operation of the DRPMSM, this paper firstly proposes an electromagnetic torque ripple suppression strategy for the DRPMSM, based on the proportional resonant (PR) controller [28, 29] . When a coils short circuit fault occurs and the DRPMSM shifts into single-redundancy operation mode, the PR controller is paralleled with the proportional integral (PI) controller in the speed loop to suppress the electromagnetic torque ripple output. As an inter-turn short circuit fault of the DRPMSM may occur at various speeds, a frequency adaptive PR controller is adopted in this paper. The simulation and experimental results show that the ripple of the motor output electromagnetic torque caused by short-circuited coils is effectively suppressed, and the motor speed becomes more stable.
The cross-section of the DRPMSM with weak thermal coupling and no electromagnetic coupling and its stator windings outspread are shown in Figures 1 and 2 respectively. The DRPMSM with weak thermal coupling and no electromagnetic coupling is evolved from the traditional 12 slot, 10 pole permanent magnet synchronous motor with fractional slot concentrated winding [30] . The small teeth are placed at the center of the slot, in which the coils on The DRPMSM with weak thermal coupling and no electromagnetic coupling is evolved from the traditional 12 slot, 10 pole permanent magnet synchronous motor with fractional slot concentrated winding [30] . The small teeth are placed at the center of the slot, in which the coils on two sides of the small teeth are in different phase. Since the slot leakage flux of coils closes from the small teeth, the two adjacent phase windings have almost no electromagnetic coupling. The mutual inductance between the windings is almost zero, thus electromagnetic coupling is eliminated. The insulating plates are placed on two sides of the small teeth so that the phases have weak thermal coupling. The permanent magnet rotor uses non-equal thickness and tile-shaped permanent magnet which is parallel magnetized. The stator is arranged with six-phase windings of A1, B2, C1, A2, B1 and C2. Each phase winding consists of a set of coils in forward series connection and a set of coils in subtractive series connection. The series law of the two coils in the three-phase windings of A1, B1 and C1 is opposite to that of the two coils in the three-phase windings of A2, B2 and C2. The electromotive force of six-phase windings is equal, and the phase difference is 120 electrical angle. The resistance and inductance of each phase are the same respectively, and the mutual inductance between any two phases is zero. The winding axis of A1, B1 and C1 phase coincides with the winding axis of A2, B2 and C2. If X1, Y1 and Z1, X2, Y2 and Z2 are connected to form two star points, two independent three-phase star-connected windings A1B1C1 and A2B2C2 will be formed. The two sets of three-phase symmetrical windings intersect with each other in space. If X1, Y2 and Z1, X2, Y1 and Z2 are connected to form two star points, two independent three-phase symmetrical windings A1B2C1, and A2B1C2 will be formed. Two sets of three-phase windings are arranged continuously. The motor performance of the cross-arranged windings is better by comprehensive comparison.
In order to prove that there is no mutual inductance in the DRPMSM adopted in this paper, the finite element model of the DRPMSM is established using Ansoft 15.0 software. The structural parameters of the DRPMSM are shown in Table 1 , and the inductance matrix of the DRPMSM is obtained by the static magnetic field simulation in Table 2 . Table 2 shows that the mutual inductance between phases is smaller than the phase winding inductance by at least two orders of magnitude, and thus the mutual inductance can be ignored. It is verified that the mutual inductance between the phase windings of the motor is almost zero, and the two sets of windings are independent with each other in the electrical and electromagnetic aspects. The drive system topology of the DRPMSM is shown in Figure 3 . Two sets of three-phase symmetrical windings are fed by two inverters. The number of power supplies can be one or two. Under normal conditions, the dual-redundancy motor operates in dual-redundancy mode. When a fault occurs, the dual-redundancy motor operates in single-redundancy operation mode.
The Mathematical Model of the DRPMSM
The phase axes of two sets of three-phase windings coincide with each other in the DRPMSM with weak thermal coupling and no electromagnetic coupling. Therefore, there is no mutual inductance between any two phases of one set of three-phase winding, and there is no mutual inductance between the two sets of windings, either. In order to establish the mathematical model of the motor, the assumptions should be made as follows:

The influence of the saturation of the magnetic circuit is ignored;  The stator magnetic field is sinusoidal ignoring the saturation of the magnetic circuit and the higher harmonics;  The sine wave electromotive force is induced in the phase windings;  The eddy current and hysteresis loss are ignored.
The voltage equation and flux linkage equation can be expressed as follows:
where B1   C1   A2   B2   C2   cos   cos  2π 3   cos  4π 3   cos  cos  2π 3   cos  4π 
u, i, ψ, and ψM are the column matrices of the phase voltage, phase current, total flux linkage and permanent magnet flux linkage of two sets of three-phase windings respectively, and the units are V, A and Wb respectively. R and L represent the resistance and inductance of each phase windings, and the units are Ω and H; θe is the electrical angle of the rotor position angle, and the unit is rad. The direct axis (d axis) of the permanent magnet rotor coincides with the positive axis of the stator A1 and A2 windings, which is taken as the initial position. ψPMm is the maximum value of the permanent magnet flux linkage for phase windings, and the unit is Wb. Under normal conditions, the dual-redundancy motor operates in dual-redundancy mode. When a fault occurs, the dual-redundancy motor operates in single-redundancy operation mode.
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The influence of the saturation of the magnetic circuit is ignored;
The stator magnetic field is sinusoidal ignoring the saturation of the magnetic circuit and the higher harmonics;
The sine wave electromotive force is induced in the phase windings;
The eddy current and hysteresis loss are ignored.
where
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u, i, ψ, and ψ M are the column matrices of the phase voltage, phase current, total flux linkage and permanent magnet flux linkage of two sets of three-phase windings respectively, and the units are V, A and Wb respectively. R and L represent the resistance and inductance of each phase windings, Energies 2017, 10, 1798 6 of 23 and the units are Ω and H; θ e is the electrical angle of the rotor position angle, and the unit is rad. The direct axis (d axis) of the permanent magnet rotor coincides with the positive axis of the stator A1 and A2 windings, which is taken as the initial position. ψ PMm is the maximum value of the permanent magnet flux linkage for phase windings, and the unit is Wb.
where N c is the number of turns per coil; k y1 is the fundamental pitch-shortening factor of the coils; k q1 is the fundamental distribution factor of the phase windings; φ m is the fundamental magnetic flux per pole, and the unit is Wb. When the DRPMSM works in dual-redundancy operation mode, the permanent magnet back electromotive force (EMF) of each phase windings can be expressed as follows:
where ω e is the instantaneous electrical angular velocity of the permanent magnet rotor, and the unit is rad/s. ω e can be expressed as follows:
The two sets of three-phase symmetrical windings are fed by three symmetrical currents respectively, and the electromagnetic torque formed by the interaction of the stator current and the permanent magnetic field of the rotor is expressed as follows:
where T e is the electromagnetic torque with the unit N·m; P e is the electromagnetic power with the unit W; ω is the rotor mechanical angular velocity with the unit rad/s; and p 0 is the pole pairs of permanent magnet on the rotor of motor. Under the condition of constant power, the physical quantities of the two sets of three-phase windings are transformed from the three-phase stationary coordinate system to the dq synchronous rotating coordinate system. The voltage equation and the flux equation of the dq synchronous rotating coordinate system are given by:
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Electromagnetic torque of the DRPMSM with weak thermal coupling and no electromagnetic coupling is given by:
where K T is the electromagnetic torque coefficient, and the unit is N·m/A.
The motion equation of the motor is given by:
where J is the equivalent moment of inertia of the motor drive system, and the unit is kg·m 2 ; B is the damping coefficient, and the unit is N·m/s; T L is the load torque, and unit is N·m. It can be seen from Equation (17) that the electromagnetic torque of the DRPMSM is provided by two sets of windings. When one of the windings is removed due to windings fault, the other set of windings can still provide torque.
Analysis of Short Circuit Fault of DRPMSM
If coils of a phase are partially shorted in the DRPMSM with weak thermal coupling and no electromagnetic coupling, the three-phase windings with the short-circuit windings can be removed. Only the normal three-phase windings work in single-redundancy operation mode. The equivalent circuit of short circuit fault coils is shown in Figure 4 according to the generator convention, where e s represents the permanent magnet induction EMF in the short circuit fault coils; i s represents the current in the short circuit fault coils; L s represents the inductance of the short circuit fault coils; R s represents the resistance of the short circuit fault coils; ∆R s represents the contact resistance at the short circuit.
where KT is the electromagnetic torque coefficient, and the unit is N·m/A.
where J is the equivalent moment of inertia of the motor drive system, and the unit is kg·m 2 ; B is the damping coefficient, and the unit is N·m/s; TL is the load torque, and unit is N·m. It can be seen from Equation (17) that the electromagnetic torque of the DRPMSM is provided by two sets of windings. When one of the windings is removed due to windings fault, the other set of windings can still provide torque.
If coils of a phase are partially shorted in the DRPMSM with weak thermal coupling and no electromagnetic coupling, the three-phase windings with the short-circuit windings can be removed. Only the normal three-phase windings work in single-redundancy operation mode. The equivalent circuit of short circuit fault coils is shown in Figure 4 according to the generator convention, where es represents the permanent magnet induction EMF in the short circuit fault coils; is represents the current in the short circuit fault coils; Ls represents the inductance of the short circuit fault coils; Rs represents the resistance of the short circuit fault coils; ΔRs represents the contact resistance at the short circuit. If the initial phase is not considered, it is assumed that the electromotive force induced by the permanent magnet in the local short circuit is expressed as follows:
where Ns is the number of shorted turns of the coil; φ0 is the initial phase angle.
The short-circuit current in the local short circuit is expressed as follows: If the initial phase is not considered, it is assumed that the electromotive force induced by the permanent magnet in the local short circuit is expressed as follows: e s = ω e N s k y1 f m cos(ω e t + φ 0 ) (20) where N s is the number of shorted turns of the coil; φ 0 is the initial phase angle.
The short-circuit current in the local short circuit is expressed as follows: where
Electromagnetic torque generated by the short-circuit current is given by:
It can be seen from Equation (24) that the electromagnetic torque generated by the short-circuit current has two parts. The first term is the stationary component T s-. T s-consumes the active power which is the copper loss on the resistance of the local short-circuited coils. The second term is an alternating component, denoted as a short-circuit torque ripple T s~. The stationary component can be compensated by increasing the electromagnetic torque generated by the normal set of three-phase windings, while the short-circuit torque ripple T s~b rings the second harmonic component to the motor output electromagnetic torque. If no suppression strategy is taken, the motor speed will fluctuate significantly.
Normally viscosity coefficient B is very small and can be neglected. Using differentiator (s) instead of (d/dt) from (19) , the plant transfer function between the motor speed and the torque is:
It can be seen that the speed would oscillate at the same harmonic frequencies as those of T s~, especially at low operating speeds. The amplitude of the ripple speed is inversely proportional to the ripple frequency, and then inversely proportional to the rotor speed.
Suppression Strategy of Torque Ripple Caused by Short-Circuited Coils

The Principle of Suppression of Short Torque Ripple Caused by Short-Circuited Coils
The DRPMSM usually adopts dual-closed loop control strategy, and the speed loop and current loop adopt the PI controller. In the single-redundancy operation mode, the torque ripple generated by short-circuited coils brings the second harmonic component to the actual speed of the DRPMSM. The infinite DC gain of the PI controller can force the DC steady-state error to zero but it cannot suppress the disturbance caused by the short-circuited coils. Because of the limited bandwidth of the speed loop with PI controller, standard integrators can achieve good none-error control at zero frequency, but not at other frequencies. The gain of the PR controller based on the internal model principle at the resonant frequency point is infinite, and thus it can achieve none-error control at resonant frequency. PR controller, a kind of control algorithm, can control alternating components without steady-state error, and it is widely used in inverters, grid connected system and harmonic elimination occasions [31] . In this paper, the PR controller is used to suppress the torque ripple generated by short-circuited coils when the DRPMSM works in single-redundancy operation mode.
In the dual-redundancy operation mode, the speed control system of DRPMSM adopts speed plus current dual-closed loop and vector control strategy of i d = 0. The block diagram of the speed and current dual-closed loop control system is shown in Figure 5 , and the output of the speed loop is used as the current loop reference value of the two sets of stator windings. In Figure 5 , GACR(s), Ginv(s), Gc(s) and Gcf(s) represent the transfer functions of the current controller, the voltage source inverter, the motor armature loop, and the current filter respectively. They are defined as follows:
where kP1 represents the proportionality factor of the current controller; τi1 represents the integral time constant of the current controller; KT represents the inverter amplification factor; τd represents time constant of space vector pulse width modulation (SVPWM) voltage source inverter considering the switch delay and dead time; τcf represents the time constant of the current filter; and τsample represents the sampling time.
As the sampling time, dead time and the time of current filter have little influence on the system, the inverter is simplified as the first order inertial link. The approximate time constant of the inverter is given by:
In order to avoid the overshoot of the current loop and obtain a good dynamic response, the current PI controller parameters kp1 and τi1 should satisfy the following relationships:
When the PI parameter is selected by Equations (32) and (33), the closed loop transfer function of the current loop is equivalent to the first order inertial link.
where τc is the equivalent time constant. In Figure 5 , G ACR (s), G inv (s), G c (s) and G cf (s) represent the transfer functions of the current controller, the voltage source inverter, the motor armature loop, and the current filter respectively. They are defined as follows:
where k P1 represents the proportionality factor of the current controller; τ i1 represents the integral time constant of the current controller; K T represents the inverter amplification factor; τ d represents time constant of space vector pulse width modulation (SVPWM) voltage source inverter considering the switch delay and dead time; τ cf represents the time constant of the current filter; and τ sample represents the sampling time.
In order to avoid the overshoot of the current loop and obtain a good dynamic response, the current PI controller parameters k p1 and τ i1 should satisfy the following relationships:
where τ c is the equivalent time constant.
When the system encounters a short circuit fault, the faulty windings are removed and the DRPMSM is operating in single-redundancy operation mode. The torque ripple caused by the short-circuited coils is used as the torque interference of the system. The transfer function of the DRPMSM in single-redundancy operation mode is shown in Figure 6 . 
When the system encounters a short circuit fault, the faulty windings are removed and the DRPMSM is operating in single-redundancy operation mode. The torque ripple caused by the short-circuited coils is used as the torque interference of the system. The transfer function of the DRPMSM in single-redundancy operation mode is shown in Figure 6 . In Figure 6 , GASR(s) represents the transfer function of the speed controller:
where kp2 represents the proportionality factor of the speed controller; τi2 represents the integral time constant of the speed controller.
As shown in Figure 7 , Ts~ is the torque ripple generated by short-circuited coils. It can be seen from the previous analysis that the pulsation frequency of the torque ripple is twice that of the electrical angular velocity of the rotor.
It is assumed that the torque ripple Ts~ is:
where TsM is the amplitude of torque ripple.
Transforming the Equation (35) into complex frequency domain,
The given angular speed ω* is set to zero, and the error e(s) is used as the output, Ts~ as input.
According to the control theory, in order to regulate e(s) to zero, the transfer function of the speed controller must contain 1/(s 2 + (2ωe) 2 ) factor. The PR controller satisfies this requirement. When the system reaches the steady state, the PR controller generates sinusoidal oscillation signals with constant frequency and amplitude to suppress the torque ripple caused by short-circuited coils. Therefore, the PR control can restrain the torque ripple [32, 33] .
Principle of Frequency Adaptive PR Controller
The ideal PR controller transfer function is given as: In Figure 6 , G ASR (s) represents the transfer function of the speed controller:
where k p2 represents the proportionality factor of the speed controller; τ i2 represents the integral time constant of the speed controller.
As shown in Figure 7 , T s~i s the torque ripple generated by short-circuited coils. It can be seen from the previous analysis that the pulsation frequency of the torque ripple is twice that of the electrical angular velocity of the rotor.
It is assumed that the torque ripple T s~i s:
where T sM is the amplitude of torque ripple. Transforming the Equation (35) into complex frequency domain,
The given angular speed ω* is set to zero, and the error e(s) is used as the output, T s~a s input.
According to the control theory, in order to regulate e(s) to zero, the transfer function of the speed controller must contain 1/(s 2 + (2ω e ) 2 ) factor. The PR controller satisfies this requirement. When the system reaches the steady state, the PR controller generates sinusoidal oscillation signals with constant frequency and amplitude to suppress the torque ripple caused by short-circuited coils. Therefore, the PR control can restrain the torque ripple [32, 33] .
The ideal PR controller transfer function is given as:
where ω 0 is the resonant angular frequency; k r is the resonant coefficient of the resonant controller; and k p is the proportional coefficient. The gain expression of the PR controller at the resonant frequency can be obtained as:
The gain of the PR controller is infinite at the resonant frequency s = jω 0 . Therefore, the PR controller can achieve none-error control at the resonant frequency.
The gain of the PI controller at the resonant frequency can be obtained as:
The gain of G ASR (s) is limited at the resonant frequency s = jω 0 , but the gain is infinite at the DC operating frequency ω 0 = 0. Therefore, the PI controller cannot suppress the torque ripple.
The Bode diagram of the ideal PR controller is shown in Figure 7 .
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and kp is the proportional coefficient. The gain expression of the PR controller at the resonant frequency can be obtained as:
The gain of the PR controller is infinite at the resonant frequency s = jω0. Therefore, the PR controller can achieve none-error control at the resonant frequency.
The gain of GASR(s) is limited at the resonant frequency s = jω0, but the gain is infinite at the DC operating frequency ω0 = 0. Therefore, the PI controller cannot suppress the torque ripple.
The Bode diagram of the ideal PR controller is shown in Figure 7 . It can be seen from Figure 7 that the gain of the ideal resonant controller is relatively high at the resonant frequency point and drastically declines except for the resonant frequency point. This makes the control system quite sensitive to the parameter change and not stable. Therefore, the improved PR controller is adopted in the paper.
The improved PR controller transfer function is given as:
The improved PR controller's Bode diagram is also shown in Figure 7 . The gain is reduced compared to the ideal PR controller, but it can be increased by adjusting kp. The bandwidth of the controller can be increased and a better control performance can also be achieved by adjusting the ωc even if the ω0 fluctuates in a certain range. Figure 8 shows a Bode diagram of an improved PR controller with parameter variations. It can be seen from Figure 8 that when kr is constant, the gain and phase of the PR controller at the resonant frequency remains unchanged with the increase of ωc. ωc plays an important role in the bandwidth of controller. The larger ωc is, the greater the bandwidth of the controller is. At the same time, the frequency selective characteristic of the controller gets worse. If the ωc remains unchanged with the kr increases gradually, the bandwidth of the PR controller still remains unchanged, but the gain at the resonant point increases. The larger the kr is, the better the harmonic suppression effect can be. Considering the stability of the system, the value of kr should be moderate. It can be seen from Figure 7 that the gain of the ideal resonant controller is relatively high at the resonant frequency point and drastically declines except for the resonant frequency point. This makes the control system quite sensitive to the parameter change and not stable. Therefore, the improved PR controller is adopted in the paper.
The improved PR controller's Bode diagram is also shown in Figure 7 . The gain is reduced compared to the ideal PR controller, but it can be increased by adjusting k p . The bandwidth of the controller can be increased and a better control performance can also be achieved by adjusting the ω c even if the ω 0 fluctuates in a certain range. Figure 8 shows a Bode diagram of an improved PR controller with parameter variations. It can be seen from Figure 8 that when k r is constant, the gain and phase of the PR controller at the resonant frequency remains unchanged with the increase of ω c . ω c plays an important role in the bandwidth of controller. The larger ω c is, the greater the bandwidth of the controller is. At the same time, the frequency selective characteristic of the controller gets worse. If the ω c remains unchanged with the k r increases gradually, the bandwidth of the PR controller still remains unchanged, but the gain at the resonant point increases. The larger the k r is, the better the harmonic suppression effect can be. Considering the stability of the system, the value of k r should be moderate. In order to simplify the analysis, the influence of the viscosity coefficient B is neglected and the current loop is considered ideal. When the DRPMSM turns into the single-redundancy operation mode due to short circuit fault, the original PI controller is connected in parallel with the improved PR controller. After incorporating the improved PR controller, the closed loop transfer function of the speed loop of the DRPMSM is given by 
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2 . In order to simplify the analysis, the influence of the viscosity coefficient B is neglected and the current loop is considered ideal. When the DRPMSM turns into the single-redundancy operation mode due to short circuit fault, the original PI controller is connected in parallel with the improved PR controller. After incorporating the improved PR controller, the closed loop transfer function of the speed loop of the DRPMSM is given by
According to the generalized root locus analysis method, the (2ω e ) 2 is used as the parameter of the generalized root locus, and the equivalent open-loop transfer function is shown as follows:
The root locus drawn by Equation (45) is shown in Figure 9 . When the other parameters of the system remain constant, the root locus of the closed-loop system is in the left half plane of the complex plane with the ω e increasing from 0 to +∞. Therefore, after the improved PR controller is incorporated into the speed loop, the whole system is stable at the full range of the motor speed. According to the generalized root locus analysis method, the (2ωe) 2 is used as the parameter of the generalized root locus, and the equivalent open-loop transfer function is shown as follows:
The root locus drawn by Equation (45) is shown in Figure 9 . When the other parameters of the system remain constant, the root locus of the closed-loop system is in the left half plane of the complex plane with the ωe increasing from 0 to +∞. Therefore, after the improved PR controller is incorporated into the speed loop, the whole system is stable at the full range of the motor speed. Amplitude-frequency curve from Ts~ to ω is shown in Figure 10 . The traditional PI controller has a certain suppression effect on the torque ripple, but it can't completely eliminate the influence caused by the torque ripple. The controller with PR and PI in parallel structure has a good suppression effect on the disturbance of the resonant frequency point because of the large gain at the resonant frequency. The PI parameters are set to guarantee the overall performance of the speed loop, and the parameters of the resonant term are set up considering the stability and dynamic performance of the controller. The speed controller parameters Kp and ki2 should satisfy the following relationships:
where ωs represents the bandwidth of the speed loop; ki2 represents the integral coefficient.
The resonant coefficient kr in (43) determines the resonant controller's response speed to the periodic signal. To determine the value of kr, there are two factors to be considered. Firstly, the kr Amplitude-frequency curve from T s~t o ω is shown in Figure 10 . The traditional PI controller has a certain suppression effect on the torque ripple, but it can't completely eliminate the influence caused by the torque ripple. The controller with PR and PI in parallel structure has a good suppression effect on the disturbance of the resonant frequency point because of the large gain at the resonant frequency. According to the generalized root locus analysis method, the (2ωe) 2 is used as the parameter of the generalized root locus, and the equivalent open-loop transfer function is shown as follows:
The resonant coefficient kr in (43) determines the resonant controller's response speed to the periodic signal. To determine the value of kr, there are two factors to be considered. Firstly, the kr The PI parameters are set to guarantee the overall performance of the speed loop, and the parameters of the resonant term are set up considering the stability and dynamic performance of the controller. The speed controller parameters K p and k i2 should satisfy the following relationships:
where ω s represents the bandwidth of the speed loop; k i2 represents the integral coefficient. The resonant coefficient k r in (43) determines the resonant controller's response speed to the periodic signal. To determine the value of k r , there are two factors to be considered. Firstly, the k r value can't be too large, otherwise it will reduce the resonant stability margin. Secondly, with the increase of the speed of the motor, the amplitude of the velocity fluctuation will decrease because of the filtering effect of the inertia moment. In order to increase the processing speed of the periodic signal, the resonant coefficient k r should be increased. Therefore, the value of k r in this paper is set as the value of rated speed [34] .
The improved PR controller can control the alternating current signal with fixed frequency, but the speed is not constant in the operation of the DRPMSM. Therefore, it is important to design a PR controller with variable resonant frequency to suppress torque ripple. From Figure 11 , the improved PR controller shows good control performance by only changing ω 0 , while other parameters remain constant. value can't be too large, otherwise it will reduce the resonant stability margin. Secondly, with the increase of the speed of the motor, the amplitude of the velocity fluctuation will decrease because of the filtering effect of the inertia moment. In order to increase the processing speed of the periodic signal, the resonant coefficient kr should be increased. Therefore, the value of kr in this paper is set as the value of rated speed [34] . The improved PR controller can control the alternating current signal with fixed frequency, but the speed is not constant in the operation of the DRPMSM. Therefore, it is important to design a PR controller with variable resonant frequency to suppress torque ripple. From Figure 11 , the improved PR controller shows good control performance by only changing ω0, while other parameters remain constant. In order to suppress the torque ripple at different frequencies, ω0 needs to be used as input of the PR controller.
The improved adaptive PR controller is split into two integral links with a negative feedback structure as shown in Figure 12 [35, 36] . In this case, the ω0 appears as a coefficient. Thus adaptive tuning of the resonance frequency is easy to achieve. When the system encounters a short circuit fault, the faulty windings are removed and the DRPMSM works in single-redundancy operation mode. Taking the electrical angular velocity of the motor as the given value of ω0, the frequency adaptive PR controller is paralleled with the speed loop PI controller, so that the torque ripple caused by the short-circuit current can be suppressed at different speeds.
In digital systems, continuous control variables need to be discretized. If the Equation (43) is discretized by bilinear transformation, it is difficult to adjust the resonant frequency online [36] . The structure of Figure 12 shows that the improved PR controller is divided into two integral links, and the integral parts are discretized respectively. The resonant frequency is used as input so that the resonant frequency can be adjusted conveniently. The Forward Euler method is used in the forward path integral term for discretization, while the feedback channel integral term adopts the backward Euler method [36] . In order to suppress the torque ripple at different frequencies, ω 0 needs to be used as input of the PR controller.
The improved adaptive PR controller is split into two integral links with a negative feedback structure as shown in Figure 12 [35, 36] . In this case, the ω 0 appears as a coefficient. Thus adaptive tuning of the resonance frequency is easy to achieve. value can't be too large, otherwise it will reduce the resonant stability margin. Secondly, with the increase of the speed of the motor, the amplitude of the velocity fluctuation will decrease because of the filtering effect of the inertia moment. In order to increase the processing speed of the periodic signal, the resonant coefficient kr should be increased. Therefore, the value of kr in this paper is set as the value of rated speed [34] . The improved PR controller can control the alternating current signal with fixed frequency, but the speed is not constant in the operation of the DRPMSM. Therefore, it is important to design a PR controller with variable resonant frequency to suppress torque ripple. From Figure 11 , the improved PR controller shows good control performance by only changing ω0, while other parameters remain constant. In order to suppress the torque ripple at different frequencies, ω0 needs to be used as input of the PR controller.
In digital systems, continuous control variables need to be discretized. If the Equation (43) is discretized by bilinear transformation, it is difficult to adjust the resonant frequency online [36] . The structure of Figure 12 shows that the improved PR controller is divided into two integral links, and the integral parts are discretized respectively. The resonant frequency is used as input so that the resonant frequency can be adjusted conveniently. The Forward Euler method is used in the forward path integral term for discretization, while the feedback channel integral term adopts the backward Euler method [36] . When the system encounters a short circuit fault, the faulty windings are removed and the DRPMSM works in single-redundancy operation mode. Taking the electrical angular velocity of the motor as the given value of ω 0 , the frequency adaptive PR controller is paralleled with the speed loop PI controller, so that the torque ripple caused by the short-circuit current can be suppressed at different speeds.
In digital systems, continuous control variables need to be discretized. If the Equation (43) is discretized by bilinear transformation, it is difficult to adjust the resonant frequency online [36] .
Simulation Results Analysis
In order to verify the effectiveness of the proposed method, MATLAB/Simulink is used to build the model as shown in Figure 13 . When one set of windings encounters the fault, the pulse width modulation (PWM) is locked in these windings by redundancy management. At the same time, an improved PR controller is paralleled with the PI controller in the speed loop. Figure 13 . Control system of dual-redundancy permanent magnet synchronous motor based on PR.
The parameters of the DRPMSM are shown in Table 3 . The SVPWM sampling frequency is set as 10 kHz. The DC bus voltage is 200 V.
The whole simulation process is: at the beginning of 0.2 s, the motor is in dual-redundancy operation mode, and the speed is 600 r/min. The motor output electromagnetic torque is 18 N·m, about 70% of the rated electromagnetic torque. At 0.25 s, the reverse coils in the C2Z2 phase winding are shorted through a 0.1 Ω contact resistance. At 0.4 s, the power supply for the fault winding is cut off. The motor runs into the single-redundancy operation mode, and the remaining normal three-phase windings continue to work. At 0.5 s, the improved adaptive PR controller is incorporated into the speed loop. At 0.7 s, the given speed is set to 1000 r/min, and the motor accelerates and goes to the steady state. The simulation results are shown in Figure 14 . The parameters of the DRPMSM are shown in Table 3 . The SVPWM sampling frequency is set as 10 kHz. The DC bus voltage is 200 V.
The whole simulation process is: at the beginning of 0.2 s, the motor is in dual-redundancy operation mode, and the speed is 600 r/min. The motor output electromagnetic torque is 18 N·m, about 70% of the rated electromagnetic torque. At 0.25 s, the reverse coils in the C2Z2 phase winding are shorted through a 0.1 Ω contact resistance. At 0.4 s, the power supply for the fault winding is cut off. The motor runs into the single-redundancy operation mode, and the remaining normal three-phase windings continue to work. At 0.5 s, the improved adaptive PR controller is incorporated into the speed loop. At 0.7 s, the given speed is set to 1000 r/min, and the motor accelerates and goes to the steady state. The simulation results are shown in Figure 14 . Figure 14a shows the current waveform that flows through the contact resistance. After a short circuit, the current amplitude becomes larger due to the partial current supplied by the inverter. After the power supply for the fault winding is cut off, the current in the contact resistance only comes from the short-circuit current generated by the permanent magnet EMF in inter-turn short-circuited coils, and the amplitude is smaller. The short-circuit current is mainly determined by the resistance of the short-circuited coils, and the amplitude of short-circuit current at 1000 r/min is slightly larger than that of 600 r/min.
The current waveforms of the three-phase winding with the fault coils and the normal three-phase winding are shown in Figure 14b ,c respectively. The three-phase current waveforms of the two windings are the same before the coils are short-circuited. When the short circuit fault occurs, the system is affected by both the short-circuited coils and the speed controller, and the three-phase current distortion becomes heavier and the current amplitude increases slightly. At 0.4 s, the fault winding is removed, and only the normal winding is left. In order to maintain the same electromagnetic torque, the current of the normal winding need to double. At 0.5 s, the improved adaptive PR controller is added, and the rule of the three-phase current distortion is changed. The added distortion components in the three-phase current can compensate the electromagnetic torque ripple. The phase of the compensating electromagnetic torque is opposite to the electromagnetic torque generated by the short-circuited coils, by which the ripple electromagnetic torque generated by the short-circuited coils is suppressed. At 0.7 s, the given speed increases, and the amplitude of the normal three-phase winding current is limited due to the saturation of the speed loop. Meanwhile, the three-phase current is symmetric, and the motor begins to accelerate. When the speed reaches 1000 r/min, the change law of the short-circuit current and three-phase current is similar to that of 600 r/min.
The electromagnetic torque of the three-phase winding with the fault coils, the normal three-phase winding and total electromagnetic torque of the motor are shown in Figure 14d , Figure 14e ,f respectively. In dual-redundancy operation mode, the electromagnetic torque of both sets of windings is 9 N·m, and the total electromagnetic torque of the motor is 18 N·m with little ripple.
When the coils encounter an inter-turn short circuit, the short-circuit current not only produces a brake electromagnetic torque which is directly proportional to the copper loss of the short-circuited coils, but also generates a doubled-frequency electromagnetic torque ripple simultaneously.
When the coils are short-circuited, the average electromagnetic torque of three-phase winding with fault coils is about 8 N·m and the peak-to-peak value of the torque ripple is about 9 N·m. Due to the regulation of the speed controller, the normal three-phase winding also produces a torque ripple component about 4 N·m and the average electromagnetic torque value is about 10 N·m. The total electromagnetic torque of the motor is 18 N·m, and the peak-to-peak value of torque ripple is about 10 N·m. At 0.4 s, the power supply of the three-phase windings with fault coils is stopped. When the DRPMSM turns into single-redundancy operation mode, the electromagnetic torque of the fault set of three-phase windings is only generated by short-circuited coils. The braking electromagnetic torque is about 1 N·m, and the peak-to-peak value of torque ripple is about 5.5 N·m. The average electromagnetic torque of the normal set of three-phase winding is about 19 N·m, and the peak-to-peak value of torque ripple is about 2.5 N·m. The total electromagnetic torque of the motor is about 18 N·m, and the peak-to-peak value of the torque ripple is about 8 N·m. It can be seen that the torque ripple is 45.4% of the rated torque.
At 0.5 s, the improved adaptive PR controller is added. The electromagnetic torque of the normal windings compensates the torque ripple by changing its phase. The average value of electromagnetic torque is about 19 N·m, and the peak-to-peak value of the torque ripple is about 6.5 N·m. The average of the total output electromagnetic torque of the motor is still 18 N·m. The torque ripple dropped significantly, and the peak-to-peak value is only 1 N·m. It can be seen that the torque ripple reduces to 1 N·m (5.6%) which is greatly suppressed.
At 0.7 s, the given speed is set to 1000 r/min, and the motor starts to accelerate. The improved adaptive PR controller does not work temporarily and the PI controller output is quickly saturated. The current amplitude of the normal set of three-phase winding is constant, which generates constant electromagnetic torque electromagnetic torque about 28 N·m.
Because of the large inertia of the load, accelerating time is longer. When the speed reaches 1000 r/min, the improved adaptive PR controller can suppress the torque ripple again. The average value of the electromagnetic torque of the normal set of three-phase winding is about 19 N·m, and its peak-to-peak value of the torque ripple is about 7 N·m. The average output electromagnetic torque is still 18 N·m, but the torque ripple dropped drastically to a peak-to-peak value of only 0.8 N·m. The proposed method has reduced the torque ripple of the DRPMSM to 0.8 N·m that is 4.4% of the rated torque.
As is shown in Figure 14g , when the coil is short circuited, the speed of the motor will contain the second harmonic component if the improved adaptive PR controller is not adopted either in a dual-redundancy or a single-redundancy mode. The peak-to-peak value of speed ripple is about 8 r/min. When the improved adaptive PR controller is utilized, the ripple speed can be suppressed effectively as long as the motor runs in the steady state.
The simulation results show that the proposed method can effectively suppress the torque ripple caused by the electromagnetic torque of short-circuited coils.
Experimental Results Analysis
In order to verify the effectiveness of the method proposed in this paper, the control system of the DRPMSM is built based on the TI Company TMS320F2812 digital signal processor (DSP), as shown in Figure 15 . Rotary transformers manufactured by Tamagawa Corporation of Japan are used to detect the rotor position. The resolver is transformed into a digital position signal by a special decoder chip AD2S1210, which is sent to the DSP chip. PWM signal is generated by the DSP to drive DRPMSM. During the experiment, the two coils of C2 phase windings are drawn out, and one of the coils is shorted by the contact resistance. At the same time, the PWM output of the fault windings is locked by redundancy management. The given speed is set as 600 r/min. The current amplitude of the normal set of three-phase winding is constant, which generates constant electromagnetic torque electromagnetic torque about 28 N·m. Because of the large inertia of the load, accelerating time is longer. When the speed reaches 1000 r/min, the improved adaptive PR controller can suppress the torque ripple again. The average value of the electromagnetic torque of the normal set of three-phase winding is about 19 N·m, and its peak-to-peak value of the torque ripple is about 7 N·m. The average output electromagnetic torque is still 18 N·m, but the torque ripple dropped drastically to a peak-to-peak value of only 0.8 N·m. The proposed method has reduced the torque ripple of the DRPMSM to 0.8 N·m that is 4.4% of the rated torque.
In order to verify the effectiveness of the method proposed in this paper, the control system of the DRPMSM is built based on the TI Company TMS320F2812 digital signal processor (DSP), as shown in Figure 15 . Rotary transformers manufactured by Tamagawa Corporation of Japan are used to detect the rotor position. The resolver is transformed into a digital position signal by a special decoder chip AD2S1210, which is sent to the DSP chip. PWM signal is generated by the DSP to drive DRPMSM. During the experiment, the two coils of C2 phase windings are drawn out, and one of the coils is shorted by the contact resistance. At the same time, the PWM output of the fault windings is locked by redundancy management. The given speed is set as 600 r/min. After the short circuit fault occurs, the total electromagnetic torque is difficult to measure. The electromagnetic torque of the normal windings is calculated by the q axis current and the permanent magnetic flux linkage.
The experimental waveform of the speed is shown in Figure 16a . The peak-to-peak value of speed ripple is about 8 r/min before the improved adaptive PR controller is implemented. It can be seen from the speed waveform that the fluctuation of the speed is suppressed when the improved adaptive PR controller is added.
The waveform of the output electromagnetic torque at the 600 r/min is shown in Figure 16b . Through the electromagnetic torque waveform of the normal windings as shown in Figure 16c , the PI controller cannot restrain the disturbance caused by the short-circuited coils before the improved adaptive PR controller is added. After the improved adaptive PR controller is added, the alternating component in the electromagnetic torque of the normal windings shown in Figure 16c has a sudden After the short circuit fault occurs, the total electromagnetic torque is difficult to measure. The electromagnetic torque of the normal windings is calculated by the q axis current and the permanent magnetic flux linkage.
The waveform of the output electromagnetic torque at the 600 r/min is shown in Figure 16b . Through the electromagnetic torque waveform of the normal windings as shown in Figure 16c , the PI controller cannot restrain the disturbance caused by the short-circuited coils before the improved adaptive PR controller is added. After the improved adaptive PR controller is added, the alternating component in the electromagnetic torque of the normal windings shown in Figure 16c has a sudden change. As the amplitude increases, it compensates for the torque ripple generated by the short-circuited coils. Thus, the total output torque tends to be stable. The torque ripple drops significantly, and the peak-to-peak value is less than 1 N·m. Then, the speed is stabilized further. The torque generated by a short circuit is shown in Figure 16d .
The waveform of the three-phase current is shown in Figure 17 . When the improved adaptive PR controller is added, the change law of the three-phase current is changed, resulting in an electromagnetic torque that can suppress the torque ripple generated by the short-circuited coils.
Energies 2017, 10, 1798 20 of 23 change. As the amplitude increases, it compensates for the torque ripple generated by the short-circuited coils. Thus, the total output torque tends to be stable. The torque ripple drops significantly, and the peak-to-peak value is less than 1 N·m. Then, the speed is stabilized further. The torque generated by a short circuit is shown in Figure 16d . The waveform of the three-phase current is shown in Figure 17 . When the improved adaptive PR controller is added, the change law of the three-phase current is changed, resulting in an electromagnetic torque that can suppress the torque ripple generated by the short-circuited coils. 
Conclusions
The DRPMSM with weak thermal coupling and no electromagnetic coupling is analyzed in this paper. The short circuit fault of the DRPMSM is analyzed. When the motor is running in single-redundancy mode due to a short circuit fault, the short-circuited coils are in the power generation state, resulting in a constant braking torque and a torque ripple. In this paper, an adaptive improved PR controller parallel with the PI controller in the speed loop is proposed to suppress the torque ripple generated by the short-circuited coils. The main conclusions are as follows:
(1) The mutual inductance between any two phases of the DRPMSM is proved to be zero by using the finite element method. The mutual inductance between phases is smaller than the phase winding inductance by at least two orders of magnitude. The faulty windings will have no electromagnetic effects on the normal windings. This will improve the reliability of the DRPMSM. (2) An adaptive improved PR controller parallel with the PI controller in the speed loop is proposed to suppress the torque ripple generated by the short-circuited coils. It can be seen from the simulation and experimental results that the peak-to-peak value of torque ripple decreased from 7 N·m to 1 N·m when the speed of the DRPMSM is 600 r/min. The torque ripple is 1 N·m which is significant as it is 5.6% of rated torque. (3) In the operation of DRPMSMs, short-circuit faults may occur at various speeds, and a frequency adaptive improved PR controller is adopted to suppress the short-circuited torque ripple at various speeds. The simulation results show that the proposed torque ripple suppression strategy can suppress torque ripple at various speeds of the DRPMSM.
The proposed torque ripple suppression method is a suitable control strategy for the DRPMSM under short circuit fault condition, which can improve operation performance of the DRPMSM in single operation mode. The DRPMSM with the proposed control strategy can improve the reliability of the system. When the winding fault occurs, it is important to diagnose the winding fault and remove the faulty winding in time. How to diagnose the winding fault can be investigated further in the future work.
